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Abstract. We discuss the potential to observe effects of CP violation in squark decay chains at 
the LHC. As the CP-violating observable we use the asymmetry composed by triple products of 
final state momenta. Extending methods for momentum reconstruction we show that there are good 
prospects for observation of these effects at the LHC. Finally, we include the main experimental 



factors and discuss the expected sensitivity. 
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2"'- INTRODUCTION 



The search for supersymmetry (SUSY) is one of the main goals of present and future 
colliders since it is one of the best motivated extensions of the Standard Model (SM). An 
important feature of SUSY models is the possibility of introducing many new sources 
of CP violation. A careful analysis of new CP-violating effects will be required and in 
the following we discuss the example in the Minimal Supersymmetric Standard Model. 

In Ref. [1] we focus our attention on the possibility of observing CP-violating effects 
in squark decay chains at the Large Hadron Collider (LHC) 

Si q^Xi+q^ti^r+q, (1) 

where we have the three-body leptonic decay of the neutralino %2 m me l ast ste P- The 
main source of CP- violation is the phase of the bino mass parameter M\ = \M\ |e 1( ^ . As 
an observable [2] we choose the T^-odd triple product of momenta of the final state 
particles 

& =Pq-(P£+ X Pl-) ■ (2) 

Using this triple product one can construct a CP-odd asymmetry 

s&t = — , (3) 

iV> + +iV>_ ' v 

where N^ + (N,j_) are the numbers of events for which & is positive (negative), see 
also [HI]. At the parton level, in the neutralino Xi rest f ram e> the asymmetry can be as 
large as 15%, cf. Fig. [Hi. However, particles produced at the LHC get large, undeter- 
mined boosts that are a consequence of the internal proton structure. Due to these boosts 
the asymmetry is strongly diluted as can be seen in Fig.Q}). This makes the observation 
of CP- violating effects difficult 0]. 
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FIGURE 1. (a): The asymmetry s^t, Eq. (O, in the rest frame of x% as a function of (j>\. (b): The 
asymmetry s^j, Eq. ([3), in the laboratory frame as a function of the squark momentum, \pq\- 



We show that a very useful tool in such an analysis is the reconstruction of momenta 
of all the particles involved in the process, including those escaping detection [1]. Using 
this technique one can recover the large asymmetry present at parton level greatly 
increasing the discovery potential. 

CP ASYMMETRY WITHOUT MOMENTUM RECONSTRUCTION 

First we study the behaviour of the asymmetry after the inclusion of parton density 
functions (PDFs). Our observable, Eq. ©, is now significantly reduced due to boosts 
compared with the asymmetry in the neutralino rest frame, where it is maximal, see 
Fig. [2^. This is because a boosted frame can make the momentum vector of the quark 
appear to come from the opposite side of the plane formed by £ + and £~, hence changing 
the sign of the triple product, Eq. ©. The other dilution factor that have to be taken into 
account are anti-squarks q* L that will be produced along with squarks. The asymmetry 




FIGURE 2. The asymmetry srfj at the LHC with PDFs included in the analysis: (a) before momentum 
reconstruction and (b) after momentum reconstruction. The coloured lines show the size of the asymmetry 
needed for a 3(7 observation at the given luminosity and for ^/s =14 TeV. 



due to anti-squarks has the opposite sign compared to squarks, hence having them in the 
same number would wash out the asymmetry completely. However, due to the valence 
quarks present in the colliding protons, squark production will dominate over anti-squark 
production and the asymmetry can be still observed |Q]]. 

Inclusion of PDFs and anti-squarks reduce the asymmetry by about factor of 8 in our 
case. The maximum asymmetry is now \&?t\ = 1.7%. The total production cross section 
and the respective branching ratios for the decay chain Eq. (OQ) give the expected number 
of events. With that we can estimate the integrated luminosity required to observe the 
asymmetry at 3a level, as shown in Fig. [2^. We note that for Jzf = 100 fb _1 a large range 
of values for ty\ is covered. 



CP ASYMMETRY WITH MOMENTUM RECONSTRUCTION 



In order to overcome the dilution factor 
due to PDFs, we investigate the possibil- 
ity of reconstructing the momenta of the 
invisible particles in the process [Q], H]. 
The squark decay chain offers too little 
kinematical constraints to perform the re- 
construction, hence we consider associ- 
ated production of squark and gluino fol- 
lowed by the decay of the gluino 

g^hi^xtbt^Xitvzbt. (4) 

with the three-body decay of chargino in 
the last step, see Fig. 3. 

For this process one can formulate 6 
invariant-mass conditions for the inter- 
mediate particles and the final state LSP 
from the squark decay chain. Together 
with two equations involving missing 
transverse momentum this gives 8 equa- 
tions (6 linear and 2 quadratic). We have 

8 unknowns (the components of the four-momenta of the invisible final state particles) 
and can therefore solve the system [1]. In principle such a system of equations can give 
up to four real solutions. Since we do not have any additional constraints to pick the cor- 
rect solution, we include only those events that give the same sign for the triple product, 
Eq. ©, for all real solutions. This guarantees that we take the correct sign for the triple 
product for the calculation of the asymmetry. 

Inclusion of all the branching ratios for the decay chains, Eq. (OQ) and ©, and the 
requirement of having only the same sign triple products for all solutions significantly 
reduces the number of available events. However, it is now possible to reconstruct the 
momenta of the intermediate particles, in particular qi and %2 - This gives the possibility 
of calculating the triple product in the rest frame of the neutralino %2 anc ^ restoring its 
maximal magnitude, as can be seen in Fig. [2b. The dilution, cf. Fig. [Ik, is due to the 




FIGURE 3. The process studied for momentum 
reconstruction. 



anti-squark admixture but there is a significant improvement compared to the situation 
before the reconstruction, cf. Fig. [2^. 

Finally, we take into account some of 
the experimental factors in our analysis. 
These include basic selection cuts and 
momentum smearing due to the finite de- 
tector resolution, see Ref. [Q]] for details. 
Momentum smearing increases the dilu- 
tion as we no longer correctly reproduce 
the rest frame of the neutralino An- 
other consequence is a further reduction 
in the number of usable events. Never- 
theless, after inclusion of these effects we 
are still able to observe the asymmetry, as 
can be seen in Fig. 4. With an integrated 
luminosity of J2? = 300 fb 1 we expect 
to have sensitivity to phases in the ranges 

O.2rc<0i<O.85rcandl.l5rc<fr< 
1.8 7T at the 3a level. 
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FIGURE 4. The asymmetry si T at the LHC after 
momentum reconstruction with cuts and momentum 
smearing. The coloured lines show the size of the 
asymmetry needed for a 3(7 observation at the given 
luminosity and for %fs = 14 TeV. 



CONCLUSIONS 



In [Q]] we have studied how to observe CP-violating effects in SUSY cascade decay 
chains at the LHC. We have shown that by reconstructing the momenta of invisible 
particles one can get access to precision observables that are sensitive to CP-violating 
phases, like triple products of momenta. Measurement of CP phases is important not 
only to shed a light on the origin of the matter-antimatter asymmetry but also to direct 
future searches at a linear collider. 
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